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Abstract
Intracellular electrical and mechanical activities were simultaneously recorded from the lon-
gitudinal muscle of isolated guinea-pig jejunum when the preparation was stimulated transmurally
by square pulses of 1 msec, 10 Hz, 10-40 V. Transmural stimulation of more than 30 V induced
co-ordinated peristaltic waves under intraluminal pressure at levels subthreshold for the peristaltic
reflex. Transmural stimulation of less than 30 V induced various types of mechanical responses.
After termination of stimulation, rebound excitation was observed. Electrical activities of the lon-
gitudinal muscle were compared with various mechanical responses. Slow depolarization without
spike potential was recorded when the longitudinal muscle contracted without circular muscle
contraction. However, spike potential was recorded from the longitudinal muscle when circular
muscle contraction was present as a response. Hyperpolarization was observed soon after the be-
ginning of stimulation. This hyperpolarization was persistent to atropine at 10(-6) g/ml. These
electrical and mechanical responses to transmural stimulation disappeared when the preparation
was treated with tetrodotoxin at 2 X 10(-7) g/ml.
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Abstract: Intracellular electrical and mechanical activities were
simultaneously recorded from the longitudinal muscle of isolated
guinea-pig jejunum when the preparation was stimulated transmural-
ly by square pulses of I msec, 10 Hz, 10-40 V. Transmural stimulation
of more than 30 V induced r.o-ordinated peristaltic waves under in-
traluminal pressure at levels subthreshold for the peristaltic reflex.
Transmural stimulation of less than 30 V induced various types of me-
chanical responses. After termination of stimulation, rebound excita-
tion was observed. Electrical activities of the longitudinal muscle
were compared with various mechanical responses. Slow depolariza-
tion without spike potential was recorded when the longitudinal
muscle contracted without circular muscle contraction. However,
spike potential was recorded from the longitudinal muscle when circu-
lar muscle contraction was present as a response. Hyperpolarization
was observed soon after the beginning of stimulation. This hyper-
polarization was persistent to atropine at 10- 6 g/ml. These electrical
and mechanical responses to transmural stimulation disappeared when
the preparation was treated with tetrodotoxin at 2x 10-7 g/ml.
Paton (1, 2) examined the intrinsic nervous control of intestinal motility
by applying single or repetitive electric pulses of short width, transversely
through the intestinal wall of an isolated preparation and recorded the me-
chanical response. This method was later called" transmural stimulation,"
or "coaxial stimulation" by others. Many investigators used this method to
selectively stimulate the myenteric nervous elements. Some investigators,
Holman and Hughes (3), Day and Warren (4), and Ambache and Freeman
(5), recorded mechanical responses of isolated preparations to transmural
stimulation for studying the nature of nervous elements in the intestinal wall.
Electrical responses of smooth muscle cells of the guinea-pig taenia coli
were recorded for studying the inhibitory mechanism of the intestinal smooth
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muscle by Burnstock et al. (6), Suzuki and Inomata (7), Bennett et al. (8)
and Biilbring and Tomita (9), and the responses were recorded for investi-
gating the excitatory mechanism by Burnstock et al. (10) and Campbell (11).
However, little data is available on the electrical activity of the smooth muscle
in the intestinal muscle layer to electric stimulation of myenteric nervous
elements (12). The present experiment was designed to simultaneously record
the electrical and mechanical activities of the longitudinal muscle of theisolated intestine under transmural stimulation. The relationship is discussedbetween the electrical and various mechanical responses of the longitudinal
muscle.
MATERIALS AND METHODS
Isolated guinea-pig jejuna of 3-4 cm long were used. The surgical proce-dures, experimental apparatus and recording system (Fig. 1) were the same asthose described in the previous paper (13). The preparation was suspended in
an organ bath (OB) by a modification of Trendelenburg's method, and anisotonic tension of 1.5 g was exerted on the preparation in the longitudinaldirection. As mechanogram of the contractile response, a strain-gauge trans-ducer (ST) and a pressure transducer (PT) were used to record the shortening
of the longitudinal length of the preparation (curve L) due mainly to the longi-tudinal muscle contraction and change in the intraluminal volume (curve V)due mainly to the circular muscle contraction. The relationship between these
mechanograms and the intestinal motility was described in the previous paper(13).
For selective stimulation of the myenteric nervous elements, electric cur-
rent (a train of square pulses of 1 msec, 10 Hz, 10-40 V) was applied trans-
murally between two stimulating electrodes (SE-l and SE-2 in Fig. I-B), which
were made of Ag-AgCI wire, 08 mm in diameter. One of the electrodes (SE-I)
was inserted into the oral cannula, while the other (SE-2) was in ring-form
about 1 cm in diameter and encircled the oral portion of the preparation. Theintraluminal pressure was maintained at 0 cmH 20, or at a relatively lowerlevel, to avoid the spontaneous appearance of peristaltic waves.
The drugs used were tetrodotoxin (Sankyo) and atropine sulfate (Merck).
RESULTS
a) M eclzanical responses to transmural stimulation
Although the polarity of the stimulating electrodes was altered, mecha-
nic.al responses to the stimulation were not changed qualitatively.
When the intraluminal pressure of the preparation was subthreshold for
peristaltic reflex, transmural stimulation of more than 30 V repeatedly trig-gered peristaltic waves which propagated from the oral to anal end of thepreparation. A typical example is shown in Fig. 2. The upper deflection
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Fig. 1. Experimental arrangement (A) and magnified view of the organ
bath (B).
AC, anal cannula; AR, axis of rotation; IE, indifferent electrode; JS, jejunal
segment; OB, organ bath; OC, oral cannula; P, plug of pressure bottle; PB,
pressure bottle; PT, pressure transducer; RE, recording microelectrode; SE-l,
stimulating electrode in the mucosal side; SE-2, stimulating electrode in the
serosal side; ST, strain-gauge transducer; Th, thermo-regulated chamber;
W, weight (3 g)
of tracing L represents shortening in the longitudinal direction of the prepara-
tion due to contraction of the longitudinal muscle while the upper deflection
of tracing V represents expelling the perfusate from the intraluminal cavity
due to contraction of the circular muscle.
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Fig. 2. A series of peristaltic waves induced by transmural electric stimu-
lation.
L, Shortening in the longitudinal length of the isolated jejunum. V, Change in
the intraluminal volume of the preparation. Electric stimulation: 10 Hz, I
msec, 40 V; anodal in the mucosal side. Duration of stimulation is shown by
the horizontal line under the tracings. Intraluminal pressure was kept at 2cm-
H20. For further details, see the text.
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Fig. 3. Three types of responses in the isolated jejunum to transmural stimulation
of 10 Hz, I msec, 30 V; anodal in the mucosal side. Duration of stimulation is shown by
the horizontal lines under the tracings. Symbols in the figures are the same as those .in
Fig. 2. Intraluminal pressure was kept constant at I cmH20 in A, Band C.
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Weak stimulation under lower intraluminal pressure did not induce
successive peristaltic waves, but induced rather various other types of me-
chanical responses. Fig. 3-A shows a sustained contraction of the longitudinal
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Fig. 4. Cinematographic recording (Al and its schematic illustration (B) of the most
typical response to transmural stimulation. Electric current was 10 Hz, I msec, 30 V ;
cathodal in the mucosal side. Intraluminal pressure was kept at O.5cmH20. Arrows "on"
and "off" indicate the beginning and ceasing of stimulation, respectively. Numbers under
each sequence indicate the time after the beginning of stimulation. SE-2, stimulating
electrode in the serosal side.
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muscle without circular muscle contraction. Fig. 3-B shows longitudinal
muscle contraction during stimulation, followed by the appearance of circular
muscle contraction after cessation of stimulation. Fig. 3-C shows a contraction
of the longitudinal muscle followed by the appearance of circular muscle
contraction during stimulation.
The behavior of the preparation under transmural stimulation was
photographed with a 16 mm cinecamera. Fig. 4 shows a response in sequence
with a schematic illustration. Intraluminal pressure was maintained at 0.5
cmH20. During stimulation, shortening was induced only in the longitudinal
direction. In Fig. 4, after termination of stimulation the constriction appeared
locally in the oral end of the preparation at 5 sec and propagated aborally.
The perfusate in the intestine was transported by a contraction wave, i. e.,
a peristaltic wave. The peristaltic wave induced by such strong stimulation
was more spasmic than that triggered by raising the intraluminal pressure.
b) Electrical activities of longitudinal muscle to transmural stimulation
The membrane potential was contaminated with artifacts induced by the
the pulse current used for stimulation. When the stimulating electrode was
anodal in the mucosal side, artifacts appeared in the downward direction in
small and sharp shifts of 10Hz, and cathodal in the upward direction. These
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Fig. 5. Mechanical and electrical activities of the longitudinal muscle to transmural
stimulation.
L, shortening in the longitudinal length of the preparation; E, intracellular electrical
activities of the longitudinal muscle. Recording electrodes were inserted in the longitu-
dinal muscle cell in the extreme oral portion (A) and in the middle portion (B) of the
preparation. Horizontal lines under the time signals indicate the duration of stimulation.
The electric current was 10 Hz, I msec, 20 V; cathodal in the mucosal side. For further
details, see the text.
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background artifacts were distinguishable from electrical actIvIty of the
longitudinal muscle. The effect of changing polarity of the stimulating
electrode upon the membrane potential was negligible.
In Fig. 5, typical examples are shown. Stimulation by a train of pulses
(10Hz, 1msec, 20 V; cathodal in the mucosal side) induced shortening in
the longitudinal direction, i. e., longitudinal muscle contraction. After cessa-
tion of stimulation a constriction appeared in the oral portion. In this case,
the constriction did not propagate aborally and disappeared. In Fig. 5, tracing
E shows the electrical activity of the longitudinal muscle at the extreme oral
portion (A) and middle portion (B) of the preparation. In Fig. 5-A, about
100 msec after the beginning of stimulation, the membrane potential was
hyperpolarized from -68 to -78 mV and then was depolarized gradually
beyond the resting level during stimulation. Spike potential was detected
neither in the early hyperpolarizing phase nor in the graded depolarizing
phase. Immediately after cessation of stimulation the membrane potential
was further depolarized and a burst of spike potentials superimposed on this
depolarizing phase. As shown in Fig. 5-B, the slope of the graded depolari-
zation during stimulation was more gentle than in Fig.5-A. Spike potential
was not detected in this case.
In Fig. 6, various types of electrical and mechanical responses to trans-
mural stimulation are shown. An intracellular recording electrode was
inserted in the extreme oral portion (A) and the middle (B). There were no
mechanical responses in (A)-a and only longitudinal muscle contraction in
(B)-a; the longitudinal muscle contracted during stimulation and the circular
muscle contracted after cessation of stimulation in (A)-b and (B)-b, and the
preceding contraction of the longitudinal muscle was followed by circular
muscle contraction during stimulation in (A)-c and (B)-c. In conclusion, when
only the longitudinal muscle contracted, a slow depolarization without spike
potential was recorded, and the appearance of spike potentials of the longi-
tudinal muscle preceded the appearance of circular muscle contraction (upper
deflection of tracing V).
c) Effects of drugs upon responses to transmural stimulation
The role of cholinergic nervous elements in response to transmural
stimulation was examined by stimulating the preparation after treatment with
atropine at 1O-6g/ml (Fig. 7-A). The polarity of the stimulating electrode
was anodal and cathodal in the mucosal side in the left and right tracings,
respectively. After atropinization, mechanical response to the stimulation
disappeared except for a very slight upper deflection of tracing L. As for
electrical activity, the membrane potential was hyperpolarized immediately
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Fig. 6. Various types of mechanical and electrical responses to transmural
stimulation, 10 Hz, I msec, 30 V; anodal in Fig. A-c and B-b; cathodal in Fig.
A-a, band B-a, c. Symbols in the figures are the same as those in Fig. 2 and Fig. 5.
Recording electrodes were inserted into the extreme oral (A) and middle part (B)
of the preparation. Horizontal lines under the tracing indicate the duration of
stimulation. Intraluminal pressure was kept at 0.5 cmH20.
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after the beginning of stimulation and gradually returned to the initial level
without exceeding that level. After cessation of stimulation, abrupt depola-
rization was recorded as rebound excitation without spike potential. Spike
potentials were detected neither during nor after stimulation.
After treatment with tetrodotoxin at 2 x 10-7glml, mechanical and elect-
rical responses to stimulation were completely abolished except for the resting
membrane potential (Fig. 7-B).
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Fig. 7. Effects of atropine at 10-6 g/ml (A) and tetrodotoxin at 2 X 10-7 g/ml (B) on the
response to transmural electric stimulation.
Horizontal lines indicate the duration of stimulation, 10 Hz, I msec, 30 V. The left and
right figures represent responses of the anodal and cathodal, stimulating current respec-
tively, in the mucosal side. A recording electrode was inserted at the extreme oral por-
tion. Intraluminal pressure was 0 cmH20.
DISCUSSION
In the present experiment, electrical and mechanical responses to trans-
mural stimulation were abolished by treatment with tetrodotoxin at 2 X 10-7
glml (14). Tetrodotoxin was reported to paralyze the nervous elements
selectively while it hlS no effect on the smooth muscle activity (15, 16).
Therefore, these responses were considered to be mediated by nervous ele-
ments in the intestinal wall (1, 4).
Transmural stimulations with pulses near 30 V induced peristaltic waves
repeatedly at subthreshold pressure for the peristaltic reflex. In the present
experiment, because both stimulating electrodes were near the oral portion of
the preparation, myenteric neurons in the oral portion might be stimulated
more strongly than in the anal, resulting in the formation of an excitability
gradient which is convenient for the initiation of co-ordinated peristaltic wave
(17). Weak stimulation induced only sustained contraction of longitudinal
muscle without circular muscle contraction. When the longitudinal muscle
contracted without circular muscle contraction, a transient hyperpolarization
9
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was recorded in the beginning of stimulation and the potential was gradually
depolarized during stimulation; however, no spike potential was detected.
Spike potential was recorded accompanying circular muscle contraction during
or after the end of stimulation.
Bennett (18) showed excitatory potentials to stimulation of intramural
nerves in isolated guinea-pig taenia coli that was not atropinized. He
observed that a single pulse induced slow depolarization into the spike
potential and repetitive pulses induced a longer depolarization than in the
case of a single pulse. However, no mechanogram was recorded. In the
present experiment, repetitive pulses generated a graded depolarization with
sustained contraction of the longitudinal muscle and spike potentials super-
imposed on this slow depolarization. This sustained contraction and the
graded depolarization are probably due to the excitation of the myenteric
excitatory neurons that were presumably cholinergic, because these responses
were antagonized by atropine.
On the other hand, the author (13) reported after examining the relation-
ship between electrical and mechanical activities of the longitudinal muscle
in the isolated guinea-pig jejunum that two types of longitudinal muscle con-
traction were induced in the peristaltic wave by raising the intraluminal pres-
sure (19,20): Type lor slow contraction and Type II or rapid contraction
accompanied by the circular muscle contraction. It was suggested that slow
depolarization triggered the slow contraction of the longitudinal muscle and
that the spike potentials triggered the rapid contraction of the longitudinal
muscle accompanied by circular muscle contraction.
Burnstock et al. (6) and Suzuki and Inomata (7) reported on the inhibitory
potential accompanied by the relaxing response in guinea-pig taenia coli to
stimulation of the intramural nerves. These inhibitory potentials were neither
reduced by atropine (6) nor abolished by adrenergic blocking agents (21), but
abolished by tetrodotoxin (9). From the above results it may be coricluded
that the excitation of the non-adrenergic inhibitory neurons in the intestinal
wall induced hyperpolarization. In this experiment, hyperpolarization was
resistant to atropine and abolished by tetrodotoxin (Fig. 7). Therefore, this
hyperpolarization may be the inhibitory potential although the relaxing re-
sponse was not recognized in the mechanical recording.
After termination of transmural stimulation the contraction was induced
as "after contraction" or "rebound contraction." Atropine markedly reduced
or abolished the rebound contraction, but did not abolish the abrupt depola-
rization which took place after cessation of stimulation. Tetrodotoxin elimi-
nated all mechanical and electrical responses to transmural stimulation.
Campbell (11) reported that the rebound contraction after stimulation was
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persistent to atropine but abolished by neostigmine. He suggests that the
rebound excitation is caused by hyperpolarization due to excitation of the
inhibitory nerves during stimulation. Rebound excitation in electrical acti-
vities of the guinea-pig taenia coli to electric stimulation was observed by
Burnstock et al. (6), Bennett, Burnstock and Holman (8) and Bennett (22).
Bennett (22) observed that the firing rate of the spike potential after stimula-
tion increased with an increase in hyperpolarization amplitude during stimu-
lation, and he suggested that the rebound excitation may not be due to an
unknown excitatory substance but to the property of the muscle membrane.
Acknowledgement: The author wishes to thank Professor S. Nakayama for his encourage-
ment during this study.
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